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Abstract: The fact that surface-induced damping rate of surface plasmon polaritons 
(SPPs) in metal nanoparticles increases with the decrease of particle size is well 
known. We show that this rate also increases with the degree of the mode 
confinement, hence damping of the higher order nonradiative SPP modes in spherical 
particles is greatly enhanced relative to damping of the fundamental (dipole) SPP 
mode. Since higher order modes are the ones responsible for quenching of 
luminescence in the vicinity of metal surfaces, the degree of quenching increases 
resulting in a substantial decrease in the amount of attainable enhancement of the 
luminescence. 
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1.  Introduction  
It is well known that emission properties of nanometer-scale objects, such as atoms, molecules, 
or quantum dots placed near metal surfaces get modified. This modification stems from 
interaction between the emitting object and collective oscillations of free-electrons in the metal 
called surface plasmon polaritons (SPP’s) [1,2].  SPPs are characterized by strong electric fields 
localized near metal surfaces, and if the dimensions of the metal nanoparticles are sub-
wavelength, so is the spatial extent of the localized field [3]. Enhancements of radiative decay 
rates [4], fluorescence [5-9], Raman scattering [10-12] and others near metal nanoparticles have 
been demonstrated by numerous groups.  Spectacular enhancement of Raman scattering by 
metal nanoparticles with far more orders of magnitude [10-13] has since made surface enhanced 
Raman scattering (SERS) a practical sensing technology, but when it comes to the 
luminescence enhancement the progress has been less impressive [14]. Not only the emission 
efficiency suffers from non-radiative decay (damping) of SPP modes [15,16], but the situation 
is exacerbated by the process of life-time quenching [17] in which the energy of the emitting 
object (“emitter”) gets coupled into the higher-order so-called “dark” SPP modes that do not 
radiate and hence dissipates inside the metal [18]. 
 The modes are “dark” because the electric field in them undulates (changes sign) on much 
shorter scales than the wavelength of radiation, hence they are poorly coupled to the radiative 
modes. This is the case for the large wavevector propagating SPP modes on the metal-dielectric 
interface, or higher order localized SPP modes in metal nanoparticles, which are the subject of 
this work. Previously in [18-20] we have developed the theory of luminescence quenching due 
to excitation of higher order modes. We have shown that as emitting object approaches the 
metal surface, the coupling into higher modes gets enhanced relative to the coupling into the 
radiative lowest order (dipole) mode. As larger fraction of the energy gets coupled from the 
emitter into the dark modes, the luminescence gets quenched. Since the resonant frequencies 
of higher order modes are blue-shifted relative to the dipole mode, the coupling (and hence 
quenching) critically depends on the detuning and linewidth of SPP resonances.  
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In the first-order approximation SPP mode can be treated as a harmonic oscillator  whose 
Lorentzian linewidth is equal to the damping rate γ  that has two constituents –radiative decay 
rate radγ that depends on geometry (and is vanishingly small for all non-radiative higher-order 
modes), and the non-radiative rate metγ  specific to the metal, the same rate that enters the Drude 
expression for the dielectric constant of the metal 2 21 / ( )met p metiε ω ω ωγ= − + . Using the 
language of classical physics, this “bulk” damping rate represents ohmic losses in the metal. 
Using the “quantum” language, one can describe it as a combination of processes of an SPP (or 
a photon) annihilation and creation of one and more electron-hole pairs in the metal. Since both 
energy and momentum must be conserved in this process, a mechanism that compensates for 
the momentum mismatch must be involved. This can be a scattering by phonons, defects, and 
impurities, or electron-electron scattering [21] and all the SPP modes experience the same 
“bulk” non-radiative damping metγ . Yet as early as 1980’s [22] it was demonstrated that as 
metallic objects become smaller there appears a new size-dependent contribution to the non-
radiative damping which, classically speaking, can be associated with the electron scattering 
on the surface of nanoparticle. Using this phenomenological description Kreibig and Vollmer 
[22] introduced the “surface collision scattering rate” ~ /s Fv Dγ , where D  is a characteristic 
dimension of nanoparticle and Fv  is a Fermi velocity. On the quantum level this “surface 
collision damping” [23] is nothing but the Landau damping [24-26], a process in which large 
wave-vector components of the electro-magnetic field can directly create electron-hole pairs in 
the metal without need for any additional momentum-matching mechanisms. The same 
phenomenon can also be described by the “nonlocality”, i.e., spatial dispersion of the metal 
dielectric constant [27,28]. While simple phenomenological picture of surface collision 
damping relates it to the size of the metal nanoparticles, i.e., to the electron confinement, 
quantum description [29] shows that the damping is determined by the photon confinement, i.e. 
the spatial extent of the electric field inside the metal nanoparticle. For the fundamental (dipole) 
SPP mode, the spatial extent of the field inside the nanoparticle is equal to its size, so two 
approaches give exactly the same result. In the higher order modes, however, the field is 
confined near the surface, and the spatial extent of the mode of the l -th order decreases, 
roughly as 1( 1)l −+  shown in Section 2 below. It is then reasonably to expect the surface 
damping rate of the l -th order mode to increase as ( ) ~ ( 1) / (2 )ls Fv l aγ + where a  is the radius 
of the metal nanosphere, causing the higher order modes to broaden in the spectral domain. 
That in turn strongly affects the rate of coupling of energy from the emitters placed near the 
surface and have impact on quenching.  In this work we evaluate this impact and come to 
conclusion that surface collisions considerably increase the quenching and reduce the amount 
of attainable enhancement of the luminescence. 
  
2.  Theory of confinement-dependent damping 
Consider the spherical metal nanoparticle of radius a  embedded in a medium with dielectric 
constant 0dε >  shown in Fig.1(a). Specifically, we shall treat the nano-structure in which 
either Au or Ag nanospheres are embedded in the wide bandgap GaN. Each nanoparticle 
supports a large number of SPP modes ( , )l m  with resonant frequencies
1/2/ [1 (1 1/ ) ]l p dlω ω ε= + + , ranging from the 
1/2
1 / (1 2 )p dω ω ε= + for the lowest order 
radiating dipole mode to 1/2/ (1 )sp p dω ω ε= + for the highest order modes that behave as surface 
plasmons propagating along the nanoparticle surface.  
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Fig. 1. (a) Geometry of luminesce enhancement by a spherical metal nanoparticle of radius 
a  separated from the emitter by distance d . (b) Radial electric field of SPP modes of 
different order 1, 2,5,10,15l =  vs. distance from the center of nanoparticle of radius 
10a = nm. (c) Excitation spectra of those SPP modes for Ag nanoparticle of radius 
10a = nm without taking surface collision damping sγ  into account. (d) Same as (c) but 
with surface collision damping taken into account. 
 
If the polar axis z is associated with the polarization of the emitter as in Fig.1(a), only modes 
with 0m =  have non-vanishing field along this axis,  
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where rˆ and θˆ  are unit vectors in polar coordinates, and (cos )lP θ is a Legendre polynomial. 
The radial dependence of the electric field for different modes is shown in Fig.1(b) along z axis 
( 0θ = ) where the energy of each mode has been normalized to lω . Since the higher order 
mode occupies progressively smaller volume 3 2, 4 / ( 1)eff l dV a lπ ε≈ +  [20] the amplitudes of 
higher order modes increase with l and if an emitter is placed close enough to the metal surface 
to interact with these dark high - l modes the energy will be very efficiently transferred into 
these modes and subsequently dissipated. But in order for that to happen, just having spatial 
overlap is not enough as the spectral overlap is also required, as shown in Fig1(c) for Ag 
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nanosphere where each mode is represented by Lorentzian with full width at half maximum 
(FWHM) equal to damping lγ  which for 1l =  mode is equal to 1l rad metγ γ γ= = +  where radγ is 
the radiative decay rate of the nanoparticle proportional to the nanoparticle volume [20], and 
for all other modes 1l metγ γ> = . All the modes have the same bulk damping rate metγ , but the 
surface collisions are far more prevalent in the higher order modes. One can make a very rough 
estimate of these rates by evaluating the mean penetration depth of the radial field into the metal 
as  
 2 2, ( ) ( ) 1eff l l r
aw a r E r r
l
= − =
+
     (2) 
which should result in surface collision damping rate of  , ( 1) / (2 )s l FA l v aγ ≈ +  where 
according to [22] A  is  constant of the order of unity.  
To obtain a more precise value of the dependence of sγ on the order of the mode l  we consider 
the Lindhard formula for the longitudinal dielectric constant of the metal [29]  
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    (3) 
where pω  is a plasma frequency and Fv  is the Fermi velocity of the metal. For the small 
wavevectors / Fk vω<  the dielectric constant is real, but once / Fk vω> , the logarithm in (3)  
becomes imaginary number iπ− , and the dielectric constant becomes complex, acquiring 
imaginary part ( , )i kε ω =
2 3 3( , ) 3 / 2i p Fk k vε ω πω ω= . Thus in the spatial Fourier transform of the 
l -th mode ( )lE k  taken inside the metal the longitudinal spectral components with / Fk vω>  
will get absorbed, as shown in Fig.2(a),  and the surface collision contribution to the imaginary 
part of the effective dielectric constant of this mode will become 
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with similar expressions for yf  and zf , and the power spectrum has been normalized as 
2 3( ) 1l d k =∫∫∫ E k . Using Drude formula, the surface contribution to imaginary part of 
dielectric constant can be related to the effective surface scattering rate as ( ) 2 ( ) 3, /
l l
i s p sε ω γ ω= . 
Normalizing the wavevector to the diameter of the nanoparticle, 2 xq ak=  and introducing 
2 / Fp a vω=  we obtain from Eq.(4) 
( ) ( )( / 2 ) ( )l ls Fv a A pγ = , where 
( ) ( ) ( ) ( )( ) ( ) ( ) ( )l l l lx y zA p A p A p A p= + + , 
 
2( )
( ) 4
3
( )3( )
2
l
x xl
x x
xp
E q
A p p dq
q
π
∞
= ∫     (6)   
And the dimensionless 
2 2( )
,( ) ( , , )
l
x x l x x y z y zE q E q q q dq dq= ∫∫ is normalized as 
2( )
0
( ) 1.lx x xE q dq
∞
=∫  Fermi velocity in gold or silver is 61.4 10 /Fv m s≈ × . For the frequencies 
in the visible range (say 500 nm) / 0.37 Fv nmω ≈   hence for 2a nm>  we have 1p >> . If 
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longitudinal field ( ) ( )lxE x  is confined on the scale x aδ <  then its power spectrum 
2( ) ( )lx xE q
is expected to decay at large values of 1xq >>  as 
( ) 2l
x xK q
−  and integration will yield 
( ) ( )3 / 8l lx xA Kπ=  that does not depend on p  and 
( ) ( )( / 2 )l ls Fv a Aγ = . To check this proposition 
we performed numerical calculations of ( ), , ( )
l
x y zA p  for a wide range of p  (corresponding to the 
range of a  from 2 to 100nm) and found that indeed these coefficients are constants and hence 
their sum ( )lA  is just a number, plotted in Fig.2 b. It is clear that the coefficient ( )lA can be 
very well approximated as l  and the collision scattering damping as ( ) / 2ls Flv aγ ≈  which is 
only slightly different from the phenomenological estimate made from Eq. (2). The result of 
this surface damping adding on to the bulk damping rate leads to increase of Lorentzian FWHM 
of various SPP modes as shown in Fig.1(d) with higher order ones being progressively 
broadened. 
 
Fig. 2. (a) Power spectrum of the l -th order SPP mode. The fraction of energy with wave 
vector larger than / Fvω  get absorbed by the metal (Landau damped). (b)  Calculated 
values of damping coefficient ( )lA  for SPP modes from 1l =   to 15l =  . Linear fit 
( )lA l= is shown by the dashed line. 
 
3. Impact on the Quenching Coefficient 
In comparison with Fig.1(c), the excitation spectra of different SPP modes of Ag nanosphere 
with surface collision broadening taken into account as shown in Fig. 1(d) shows that higher 
order modes get broadened considerably. For example, spectrum of 10l =  mode broadens by 
a factor of 5 and its overlap with the emission line of the emitter, centered at frequency emω  
increases accordingly.  The coupling of the emitter’s energy into the l-th order SPP mode is 
characterized by the Purcell factor [20], 
( ) ( ) 32 2 4( )
1/2
3 1
,
4
l
d em l eml
P
d em
l L c aF
a da
πε ω ω
ε ω
++    =    +  
   (7) 
where Lorentzian line shape  of the mode is ( ) ( ) ( )2 2/ 2 / / 4l em l em l lL ω γ π ω ω γ = − +  . Since 
the emission line is typically resonant with the dipole mode, 1emω ω= , it is clear that for as long 
as 1 / 2l lω ω γ− > , i.e. practically for all the dark modes with 2l ≥ , the increase in damping 
causes increase in Purcell factor ( )lPF . For the l=1 bright dipole mode on the other hand, 
kx
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increase in dumping causes reduction of (1)PF . The changes caused by increased surface 
collision damping is well described by the “quenching” ratio [18] ( ) (1)
2
/lq P Plf F F
∞
=
= ∑  , i.e., the 
ratio of summation of all Purcell factors associated with all the dark modes ( 2l ≥ ) to the Purcell 
factor for the “bright” dipole mode ( 1l = ). The quenching factors for gold and silver 
nanospheres with radius 5a = nm are plotted versus the separation distance of the emitter d  
in Figs.3(a) and (b) respectively. The “Bulk” curves in each figure are describing the quenching 
under assumption that only the “bulk” non-radiative damping metγ is contributing. The curves 
“Surface” include only the surface contribution to damping ( )lsγ and the curves “Bulk + 
Surface” correspond to the realistic description of damping that includes both bulk and surface 
contributions. 
 
Fig. 3 Quenching ratios as a function of distance d  between the emitter and metal 
nanosphere of radius 5a = nm with SPP mode damping rate taking into account bulk 
nonradiative or surface collision damping or both combined  for (a) Au and (b) Ag. 
 
Other than the obvious quenching effect being stronger for smaller separation between the 
metal nanoparticle and the emitter, quenching increases when surface collision damping is 
taken into account. While the quenching ratio for Ag is generally smaller than that of Au 
because of its smaller ohmic losses, the impact of surface damping is more significant for Ag 
given the fact that both nanoparticles of equal size have similar surface collision damping rate 
( ) / (2 )ls Flv aγ ≈ , but this rate represents a high fraction of the total damping rate lγ  for Ag. 
Another interesting observation is that even if we had ways to magically eliminate the “bulk” 
ohmic losses in the metal, we would still have been stuck with surface damping and quenching 
would still take place because this surface effect is inherently associated with the field 
localization of the various orders of the SPP modes. 
4. Optimization of Luminescence Enhancement 
Once the quenching factor had been determined one can evaluate the luminescence 
enhancement factor for an emitter with an original radiative efficiency radη placed in the 
vicinity of meal nanoparticle [18] 
(1)
(1)
1
1 (1 )
P pr
P q rad
F
F
F f
η
η
+
=
+ +
    (8) 
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where 1/pr radη γ γ=  is the out-coupling efficiency of dipole mode. All the factors (
(1)
PF , prη , 
and qf ) depend on the nanosphere radius a . Hence one can perform an optimization to 
determine the ideal size of the nanosphere that is small enough to have a small effective mode 
volume ,eff lV assuring large Purcell factor of the dipole SPP mode 
(1)
PF in (7), yet is still 
sufficiently large to assure a decent radiative out-coupling efficiency prη  of this mode. 
Furthermore, according to (7) if the quenching through high order modes could be neglected, 
it would have been always better to have emitters placed as close as possible to the metal 
nanoparticle. But as shown in previous section the quenching also increases as the separation 
distance d gets shorter. Hence the distance d  can also be optimized to achieve a favorable 
compromise of good coupling into the dipole mode and adequate suppression of the 
luminescence quenching by higher order modes. The dependence of the enhancement by Au 
nanosphere on a  and d  is shown in inset of Fig.4(a) for the emitter with 0.01radη = . The 
results of optimization of luminescence enhancement for Au and Ag nanospheres are shown in 
Fig.4(a) and (b) respectively. The optimization is performed for a wide range of emitter 
radiative efficiencies radη . The optimal sphere radius opta and separation optd at which the 
maximum attainable enhancement is obtained for each radη are shown in Fig. 4(c-f). The three 
graphs in each plot correspond to the same three cases of damping as in Fig.3. 
As expected [16], the maximum attainable enhancement deteriorates quite rapidly with the 
increase of radη . With the inclusion of surface collision damping, the attainable enhancement 
is reduced for both Au and Ag nanoparticles, but the impact is much stronger for Ag for the 
same reason as explained in section 3. Also, the optimized values of radius opta and separation 
distances optd also increase once surface collision damping is taken into account.  The increase 
in opta is easy to understand – the surface collision damping is inversely proportional to the 
radius. The modest increase in optd obviously reduces coupling into the broadened higher order 
modes, while keeping coupling into the dipole mode reasonably high.  
As one can see that for noble metal spheres the changes imposed by the surface collision 
damping are significant. For Ag the quenching ratio [Fig 3(b)] is increased by an order of 
magnitude and the maximum enhancement [Fig 4(b)] is reduced by a factor of 3.5. The reason 
for this is that even when Ag sphere is embedded in high index dielectric the dipole SPP 
resonance is near 2.3eV where the bulk damping rate in Ag 14 11.2 10met sγ −≈ × [30] since that 
energy is close to the onset of interband transitions.  Since the surface collision rate is roughly 
( ) / 2ls Flv aγ ≈  , in the 10 nm radius nanosphere this rate is comparable to the bulk rate for the 
quadrupole mode 2l = . If, however, one uses nanoshells  [31] or dimers [32] the SPP 
resonances can be moved to the red part of the spectrum, say 700nm where 13 13.2 10met sγ −≈ ×  and 
obviously the influence of surface collision damping will grow four-fold leading to much larger 
changes in quenching ratios.  
Once again, it should be noted that even in the perfect world where one could eliminate all 
“bulk” ohmic loss of any metal, the enhancement would  never  be “perfect”, as will be limited 
by the surface damping as shown in Fig. 4(a) and (b) for both Au and Ag nanoparticles, 
respectively. 
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Fig. 4 Optimized enhancement, nano-sphere radius opta  , and molecule-sphere separation 
optd over a range of original radiative efficiency for Au (a), (c), (e) and Ag (b), (d), (f), 
respectively. 
5. Conclusion 
In conclusion, we have shown that high order SPP modes in metal nanoparticles are subject to 
much stronger damping than the lowest order dipole mode. This additional damping, roughly 
proportional to the order of the mode is caused by the confinement of the higher order mode in 
the vicinity of the surface. Increased damping causes spectral broadening of the higher order 
SPP resonances and increases the probability of their excitation by the luminescing object 
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placed near the nanoparticle. Since the higher order modes are dark the energy gets trapped and 
eventually dissipated in them and the luminescence experiences additional quenching. As 
result, maximum enhancement of luminescence attainable in the vicinity of small metal 
nanoparticles gets reduced by a factor of 3 or 4 in the blue green range and even larger factors 
in the red part of spectrum.  
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